coffee farmers in Africa of local environmental risks from weather and pests. The company offers electronic solutions for coffee cultivation, including a mobile app for farmers and a management software for governments.
Globalisation and the unprecedented expansion of human activities have arguably propelled us into a new geological era, the Anthropocene (Curr. Biol. (2015) 25, R131-R134). Problems arising from the rapid change are often on a scale that cannot be appreciated with local observations on the ground alone, even more so if they are happening in or above the oceans, which are still less affected than the continents but also less well understood scientifi cally.
It makes sense therefore to watch our planet from space, in order to see the large-scale patterns of change and to limit the damage that humans are infl icting on it. Fortunately, satellite technology and the computation facilities capable of processing big data give us the ability to watch the Earth remotely but closely, just at the time when it has become more urgent than ever to look after our planet.
Michael Gross is a science writer based at Oxford. He can be contacted via his web page at www.michaelgross.co.uk Close your eyes and throw a dart at a random eukaryote -chances are you'll hit a protist. Cats and birds may dominate the airwaves and internet, but, in terms of sheer biodiversity, the protists -defi ned as the singlecelled eukaryotes -are infi nitely more varied in terms of form and function. Figure 1 gives just a few examples of the myriad geometrical structures seen among the protists. I would venture to say that nothing else in the natural world can compete in terms of diverse and interesting morphology. Seeing the diversity of protistan cell shapes forces us to ask how these shapes arise, and it is hard not to approach this question without a strong sense of wonder. This feeling of wonder refl ects the key difference between protists and metazoans. With metazoans, we can explain away morphogenesis in terms of a mass of cells differentiating into distinct types, such that morphogenesis devolves to gene regulation -a phenomenon we believe we understand. But with protists, no such cop-out is possible: all of the shape is formed within a single cell, usually with a single nucleus, so that patterning cannot be explained on the basis of differential gene expression. Instead, we must confront the actual mechanisms of morphogenesis. With protists, the interaction of physics with molecular biology is inescapable.
But shape is only one aspect of diversity. Protists exhibit an incredible diversity in metabolic strategies, environmental adaptations, and genome organizations. The sheer magnitude of protist diversity creates a huge challenge for the learner in that most existing literature is only able to focus on a limited range of phyla. This is true not only for primary literature, but also for review
Book review
Current Biology 28, R89-R102, February 5, 2018 R93 articles and even textbooks. Anyone wanting to learn about protists thus fi nds themself caught in the parable of the blind people and the elephant, where each person gains a different idea of what an elephant looks like by touching one part and never gains a picture of the elephant as a whole. Fortunately, there is a solution to this problem: the Handbook of the Protists. Unlike many other excellent textbooks and reference works that cover specifi c protist phyla, such as ciliates or green algae, the Handbook of the Protists gives you the whole elephant. In 44 chapters, the Handbook takes the reader on an eye-opening tour through eukaryotic biodiversity. The tour begins with a comprehensive overview of eukaryotic phylogeny. The eukaryotic tree of life has undergone massive revisions in recent years, due largely to genomic studies of protists, and the introductory chapter manages to summarize this revolution in concise terms, while at the same time linking the chapters of the Handbook and putting them in context. Starting from there, the tour continues through 43 chapters of mind-blowing biological diversity.
Each chapter is written by leaders in the study of each phylum, who have clearly gone to great lengths to consider how their phylum of interest relates to the broader context of eukaryotic life. The chapters are richly illustrated and carefully referenced, and present the phylogeny, physiology, cell biology, and natural history of each protist phylum. The chapters follow a uniform organization, which is extremely helpful when comparing one phylum to another. The length of the chapters is perfect for reading one chapter in a single sitting, and the level of detail is exactly what one would hope for in a reference work.
Why is it important to have the full range of protists represented in one book? If you wanted to learn about, say, jakobids, why not just look up a review article about jakobids? First of all, a very pragmatic reason to consult a single comprehensive work is that it gives a framework for seeing how the different phyla are related to each other. The exact organization of eukaryotic phylogeny remains a contentious issue, and different primary sources often use different names for the same groups. Fortunately, the introductory chapter sets out a single phylogenetic tree, which is then followed, in a relatively uniform way, by the different chapters. This use of a uniform terminology and tree structure makes it easy to see which phyla group together -indicating potential commonality -and which may be much farther diverged from each other. So, one immediate value of this comprehensive work is that it puts the different phyla in perspective relative to the overall diversity of eukaryotes.
More importantly, a comprehensive work like the Handbook can do something that would be impossible in a work focusing on a single phylum: revealing convergent evolution of polyphyletic traits. Indeed, a theme that emerges when reading the book as a whole is that certain patterns of organization have arisen independently in unrelated phyla, suggesting that the potential to develop such structural patterns is inherent in the molecular toolkit shared by eukaryotes. As an example, the old phylogenetic group 'Heliozoa' -defi ned as the group of spherical amoebae with radially symmetric arrays of protruding microtubule bundles -is now recognized as representing a collection of protists from at least four entirely different phyla, arguing that such a cellular architecture is easily established given the conserved cytoskeletal building blocks shared by eukaryotes (Figure 2A,B) .
Another example is the aggregation of amoeboid cells to form a fruiting body -a process called 'sorocarpy'. The well-known example of sorocarpy behavior is in Dictyostelium, but virtually identical sorocarpy behaviors have evolved independently at least seven times in completely different branches of the protists, two of which are shown in Figure 2C ,D. The fact that heliozoan body plans and aggregative sorocarpy were able to evolve multiple times implies that some pretty complicated-looking events can evolve with relative ease, suggesting some notion of co-option, whereby molecular or cellular features shared among all eukaryotes serve as pre-adaptations to support complex morphological or behavioral processes. It is interesting to ask to what extent the morphological potential seen in protists may have been co-opted during the evolution of metazoans. Some ciliates, in particular, bear a close resemblance to the multicellular, ciliated trochophore larvae common among invertebrates. Indeed, the level of structural complexity and regionalization seen within a single protist cell raises the question of the purpose of multicellularity in the fi rst place. The ability of protists to shed light on the evolution of multicellularity is emphasized by those protists that are now known to be sister groups to multicellular forms. Choanofl agellates, highlighted in Chapter 40 of the Handbook, are unicellular protists that are closely related to animals and share many cellular features. In fact, their ultrastructure is virtually identical to a type of cell seen inside sponges. In addition to this sister group of the Metazoa, another protist phylum discussed in the book is the Apusomonadida (Chapter 44), a group of fl agellated protists that don't resemble metazoan cells in terms of cell shape, but whose genomes encode most of the integrin system -a cell adhesion pathway once thought to be unique to multicellular animals. Many types of multicellular algae are in the same phylum as unicellular protist relatives. For example, within the group of red algae (Chapter 3), some species are unicellular protists, others form complex, branched multicellular organisms, and in between there are species that form simple fi laments that are one cell wide. Such examples of protists sitting on the edge of multicellularity are a theme running through the Handbook and serve to sharpen our questions about the possible evolutionary driving forces that have led to multicellular life.
Just as protists hold clues about the evolution of the most complex forms of multicellular life, they also provide the best source of information about the earliest evolution of eukaryotes. The origins of eukaryotes are thought to be linked to the engulfment of alphaproteobacteria and their maintenance as endosymbionts, ultimately giving rise to mitochondria. One of the biggest questions surrounding mitochondria is how the originally independent bacterium eventually morphed into the modernday mitochondrion, which is entirely dependent on its host nucleus and cytoplasm for its own function and biosynthesis. The diversity of existing protists can help to shed light on how this may have happened. Chapter 27 of the Handbook describes the Jakobida, a basally branching phylum of eukaryotes whose mitochondrial genomes retain far more bacteria-like features than other existing mitochondrial genomes. For example, most mitochondria have lost the bacterial RNA polymerase and instead rely on a simpler polymerase apparently derived from a virus. Jakobids, however, have retained the bacterial version of the enzyme. Their genomes also encode a much larger number of proteins than the typical mitochondrial genome. These features suggest that, by studying nuclear and mitochondrial genomes of jakobids, we can get a clearer picture of what our earliest eukaryotic ancestors may have been like. At the other end of the spectrum, mitochondria have shed portions of their genomes during the evolution of different eukaryotic phyla, giving up much of their original molecular functions in the process. Examples covered in the Handbook include: Diplomonadida (Chapter 33), whose mitochondria have lost respiratory function to become 'mitochondrionrelated organelles'; Parabasalia (Chapter 32), whose mitochondria have lost part of the electron transport chain to become 'hydrogenosomes'; and fi nally Preaxostyla (Chapter 31), some of which have lost mitochondria entirely. The fact that all of these phyla are discussed in a single comprehensive work allows the reader to appreciate how the various examples provide different information about possible evolutionary scenarios -a view that would otherwise require reading and comparing of a wide range of individual publications using inconsistent terminology. A similar situation holds for the evolution of plastids, but in this case I do need to bring up my sole gripe concerning the coverage of phyla: the Handbook does not discuss green algae at all, and this makes it quite diffi cult to piece together the history of plastid primary and secondary endosymbiosis. But even so, the Handbook discusses many interesting examples of how endosymbiosis has been taken to extremes. For example, Chapter 20 describes the chlorarachniophytes, photosynthetic protists whose chloroplast was obtained by endosymbiosis of an algal cell by an amoeba, but in which the algal endosymbiont has retained its nucleus, thus producing a cellular 'turducken' with one functional eukaryotic cell nested inside another. This situation contrasts with cases of conventional secondary endosymbiosis -such as Euglena (Chapter 29) -in which an endosymbiosed algal cell has lost its nucleus, leaving only a triple membrane around the chloroplast as a silent witness of the alga's existence. Protists appeal to our senses of visual beauty and intellectual curiosity, but there is also a dark side. A teeming host of parasitic protists are constantly seeking entry into our bodies, often with devastating consequences. Some, like trypanosomes (Chapter 30), live in our bloodstreams or livers. Others, like Naegleria (Chapter 28), crawl into our brains and devour them from within. The Handbook covers many of these dreadful protistan parasites, but, unlike conventional parasitology texts, the parasitic species are discussed within the larger context of their encompassing phyla, allowing the reader to see how the general features of particular types of protists may have given them advantages in exploiting new hosts. Understanding the biology of protistan parasites -especially the most unique and unusual features -is likely to hold the key to selective killing. The Handbook is thus an essential resource for researchers studying protistan parasites.
One challenge in a work like this is the question of completeness: should every single taxon be covered by its own chapter? This handbook does a good job of covering most of the major taxa of protists, while leaving out a relatively small number either because too little is known to warrant a chapter, or conversely because too much is known and has been written elsewhere so as to make a chapter seem too superfi cial by comparison. Importantly, the editors did not try to sweep these omissions under the rug, but instead made a point of highlighting them in their introductory chapter. In each instance, they were careful to include references to recent articles that a reader could use to fi nd out more about the groups. I felt that this was an extremely reasonable and pragmatic way to handle the completeness problem, and allowed them to keep the Handbook to a reasonable length while covering as much ground as possible. What turned you onto biology and drew you to your fi eld of research in the fi rst place? As a child, I loved animals and watching them in the wild, but I was poor at using binoculars and not patient enough to be a naturalist. Plants, in contrast, did not run away. As I learnt more about how, where and why plants grow where they do, they became just as intriguing as animals. The turning point came when I was doing an undergraduate practical class. The instructions were to boil a live crab, ready for dissection. The crab fi xed me with his eye, and won. I abandoned the class and resolved to work on plants thereafter.
Q & A
If I were persuaded to change fi eld now, I would not move very far. I would love to understand better the 'Evolution of Development' (Evo-Devo). I think that the most interesting biological questions these days address how processes evolved, but I do not feel I have a good enough grasp of population genetics to offer substantive insights in this fi eld.
Who were your key early infl uences? My mentor at university was David Hanke. He was a fantastic teacher, but his heart lay in research. He taught me the pleasure of formulating biological questions, the means of designing experiments to best address these questions, and the joy of discovering answers to new questions. He taught me never to follow a formulaic approach in research but to consider the topic from multiple perspectives that needed to be resolved by different experimental approaches. David also believed most strongly that scientifi c research should be fun -a guiding principle that has directed me and those working with me, ever since. Research can stop being fun when hypotheses are impossible to test, when the pressure to succeed is greater than the rewards of advancing understanding, when the competition with others leads to loss of collaborations or when the funding directs the research in scientifi cally unrewarding directions. At such times, it is essential to redirect the research so that the pleasure in advancing knowledge becomes paramount again.
